Abstract: Amygdalus nana L. (Dwarf Russian Almond) a well-known ornamental plant is endangered in its natural habitats on the territory of Slovakia. Using methods of cytology and embryology, the stages of reproductive cycle of the species were clarified. Especially the development of the male and female reproductive organs, processes of the fertilization and formation of the embryo were studied. The reduction of reproductive potential was caused by synergic influence of negative biotic and abiotic factors. Despite the presence of degenerated, misshapen pollen grains and a great variability in shape and size, a sufficient amount of normally developed viable pollen grains originated within the species Amygdalus nana. We did not observe serious disturbances during megasporogenesis and megagametogenesis, the reduction in fruit set was caused by the degeneration of ovules after unsuccessful pollination (unfavourable conditions during the flowering period) and after unsuccessful seed development, caused mainly by damages of reproductive organs by pests.
Introduction
Amygdalus nana L. [syn. Prunus tenella Batsch, P. nana (L.) Stokes, A. ledebouriana Schltdl., A. georgica Desf.] -Dwarf Russian Almond belongs to the subfamily Prunoideae of the family Rosaceae L. It is a deciduous shrub native to steppes of Central and Eastern Europe and Western Siberia, as well as dry open sites of Caucasus, Western and Central Asia (Čeřovský et al. 1999) . A. nana is also a well-known ornamental plant in cold temperate regions, valued for its profuse spring blossom and exceptional winter hardiness. It is a potential gene resource for stone fruit species.
A. nana, a species native in xerophilous vegetation on the territory of Slovakia, is registered in the Slovak Red Book and Red list of rare vascular plants in the IUCN category "endangered" (Feráková et al. 2001 ). The species is rare also in other two countries in this region. It is evaluated as "near threatened" (NT) in Hungary (Király 2007) , as well as "critically endangered" in the Czech Republic (Čeřovský et al. 1999) . Little evidence exists about reproductive biology of this species (Mikatadze-Pantsulaya 1985; Šurbanovski et al. 2007) and it may be important to know its reproductive cycle to save this plant in natural conditions for the future. The goals of our study were to clarify the course of the reproductive cycle using cytological and embryological methods and to determine the generative reproductive ratio.
Material and methods

Habitat description
The study was carried out at the Dankov vrch Hill. Vŕšok is the collective name for two hills -Vŕšok I. (the Vŕšok Nature Reserve) and Vŕšok II (the Dankov vrch Hill). Vŕšok I. is located in the southeast and Vŕšok II. in the southwestern part of the hills of Belianske kopce near the town Štúrovo and belongs to phytogeographical district of the Pannonian flora. However, there is noticeable influence of the Kováčovské kopce Hills (Burda Hills), which belong to the phytogeographical district of the Matricum flora. Climate in this area is very warm and dry. The average annual temperature is 10.3
• C and a summary of the annual rainfall is 584 mm. Pubescent oak forests, which have been preserved as primary phytocoenosis of these territories, were present only on the northern and eastern slopes. Forest glades with many xerophilous non-forest species were created on the shallow substrates. Basic phytocoenoses form particularly xerophilous grasses from the genus Festuca, which are substituted with the species of the genus Stipa after burning. Rocky places are occupied by species Seseli hippomarathrum, Rosa pimpinellifolia, Amygdalus nana and Cytisus austriacus. The shallow plough soils and soils around the stone quarries are suitable units for Lotus corniculatus ssp. slovacus (syn. L. borbasii). On the northern slopes we can find Brachypodium pinnatum.
Floristically, it is an extremely rich natural ecotype, where different facies of xerophilous vegetation blend together. We can find a beautiful representation of xerophilous phytocoenoses and rarest xerophilous species of Slovak flora on the shallow soils around the reefs. nonian, Pontic and Mediterranean species (e.g. Amygdalus nana, Crambe tataria, Crepis pulchra, Althaea pallida, Silene longiflora) growing there (Svobodová & Ulrych 2000) .
Experimental procedures
Collected flower buds, flowers and seeds were fixed in FAA (formaldehyde -acetic acid -ethanol) or Navashin fixatives. Customary methods of dehydration, infiltration, paraffin embedding, cutting and staining were based on Pazourková (1982) and Erdelská (1986) . Serial sections of flowers and fruits were cut at the thickness of 5-12 µm and stained with Heidenheim's haematoxylin. The slides were examined and photographed by an "Axioplan 2 bright field light microscope (Carl Zeiss, Jena)" and "Sony Color Digital Camera DXC-S500". Pollen grains isolated from flowers were immediately germinated in vitro in a culture medium (100 mL distilled water + 1 g agar + 10, 15 or 20 g sucrose). Pollen germination was evaluated at 20
• C. The germination rate of pollen grains was determined after 6-24 h. We defined average numbers of germinated pollen grains evaluating 100 pollen grains from 3 viewing fields of the microscope from each variant in three repetitions. The size of polar and equatorial axis of pollen grains was measured. The number of flowers and the number of normally developed fruits were used to state the generative reproduction ratio (GRR).
Results and discussion
An analysis of floral fertility and fruit development in connection with time was carried out in an attempt to determine whether there is a close relationship between the megagametophyte development and time or if there is some malfunction which is an additional cause of fruit set limitation (Thompson & Liu 1973) .
Differentiation of flowers starts in the buds in the beginning of summer the year before they sprout. Flower buds which were collected at the end of October were ready for dormancy. Microsporocytes enclosed with a few layers of cells could be found in the anther. The development of pistils was slower; gynoecia observed in this time were without inner differentiation. After the winter dormancy, the differentiation of both generative organs continues in March (it depends on weather conditions). The occurrence of ovule initiation (protuberances of placenta develop into ovule primordium) is observed during April. Two ovules per ovary (pistil) is considered the norm in flowers of genus Prunus and is quoted in bibliography which refers to A. nana (Mikatadze-Pantsulaya 1985) , cultivated varieties of almond (Pimienta & Polito 1982 , 1983 or sour cherry (Furukawa & Bukovać 1989; Cerović & Mićić 1999) . The ovules were anatropous, bitegmic and crassinucellate (Fig. 1) . These observations agree with the description of ovules forA. communis (Cousin & Maataoui 1998; Pimienta & Polito 1983 ) and for A. nana (Mikatadze-Pantsulaya 1985) . Cousin & Maataoui (1998) and Pimienta & Polito (1983) observed the presence of obturator in the A. communis. We too observed micropylar ends of the ovules of A. nana with obturator protuberances.
Archesporium located in the micropylar end of the ovule was multicellular, which is consistent with the observations of Mikatadze-Pantsulaya (1985) , for rose family. Jakovlev (1985) states 3-16 archesporial cells. Archesporium was observed at the beginning of April and comprised 3-8 cells. One of the archesporial cells directly differentiated into the megasporocyte. At about the time of anthesis a megasporocyte was present in the ovules and the two integuments were differentiated and their size represented a half of the ovule. Two successive divisions of megasporocyte gave rise to a linear tetrad of megaspores. These observations are in accord with the description of the tetrad for A. nana (Mikatadze-Pantsulaya 1985) and for A. communis (Pimienta & Polito 1983; Oukabli et al. 2001 ). The three megaspores at the micropylar end degenerated, leaving a single functional megaspore. MikatadzePantsulaya (1985) describes either the chalazal or the micropylar megaspore as the functional one. Following our observations, we state that only the chalazal megaspore is functional. Three mitotic divisions of the chalazal megaspore lead to the formation of 2-, 4-and 8-nucleate embryo sacs (Figs 2, 3) . We observed seven layers of nucellar cap of A. nana. Micropyle was formed by inner integument. The inner and the outer integuments were 5-6-layered. We did not observe malformations of integuments development like Egea & Burgos (1994) in the species Armeniaca vulgaris. The embryo sac was monosporic and 8-nucleate and developed to the Polygonum type, which is consistent with the observations of Mikatadze-Pantsulaya (1985) in A. nana and Pimienta & Polito (1983) , Oukabli et al. (2001) in A. communis. Antipodal nuclei degenerated before fertilization which is consistent with the observations of Cerović & Mićić (1999) in the species Cerasus vulgaris. The synergids degenerated shortly after or during fertilization, which is consistent with the observations of Mikatadze-Pantsulaya (1985) . This contrasts with the results of Jakovlev (1985) , who recorded synergids degeneration before fertilization. Mature embryo sac was oval and elongated after fertilization. We observed only one embryo sac in each ovule.
The developmental stage of the ovule at anthesis is variable between species, and even among cultivated varieties from the same species. The ovules of A. nana were immature at anthesis: we observed the megasporocyte or a tetrad of megaspores in most of the ovules at anthesis. In apricot (Alburquerque et al. 2002) and in almond, differences in embryo sac development were observed among cultivated varieties. Pimienta & Polito (1982) found immature ovules at anthesis in cultivated varieties 'Nonpareil', although four other almond cultivated varieties (for example 'Ferragnes') studied recently have shown many mature ovules at anthesis (Egea & Burgos 2000) . Oukabli et al. (2001) reported tetrads of megaspores in 50 % of ovules in almond cultivated variety 'Tuono'. Two weeks after pollination they noticed a zygote. An 8-nucleate or mature embryo sac at anthesis was noticed in the ovules of sour and wild cherry (Stösser & Anvari 1982) . Furukawa & Bukovać (1989) pointed out that in sour cherry ovules, embryo sacs with four nuclei or fewer are considered nonfunctional to be fertilized. Immature embryo sacs at anthesis were observed in sour cherry cultivated varieties 'Montmorency' (Furukawa & Bukovać 1989) and 'Cacanski Rubin' (Cerović & Mićić 1999) . A specific problem can occur in species and cultivars with immature ovules at anthesis: when temperatures are high and pollen tubes grow very fast, fertilization is not possible because of asynchrony between the time necessary for embryo sac development and the development and growing of pollen tubes.
Megagametophyte development can be influenced by many factors: genotype, level of plant growth regulators, reserve substances stored in flowers, environmental factors. We observed 262 ovules, 173 were normally developing and 89 were degenerating or degenerated.
Like in A. vulgaris (Burgos et al. 1993) , A. communis 'Nonpareil' (Pimienta & Polito 1982) and A. communis 'Malaguena' (Egea & Burgos 2000) , it is impossible to distinguish the primary and secondary ovule at anthesis also in A. nana (Fig. 4) . About three or four days after pollination, megagametophyte development was usually more advanced in the primary ovule. In the cultivated variety of almond A. communis 'Ferraduel' with many mature ovules at anthesis, significant differences in size between primary and secondary ovules were observed at anthesis (Egea & Burgos 2000) . Typically, the secondary ovule aborts a certain time after pollination, leaving the primary ovule to be fertilized (Fig. 5) . These observations agree with the general description of Prunoideae (Pimienta & Polito 1982) , with the observation of Mikatadze-Pantsulaya (1985) in A. nana and in Amygdalus (Cousin & Maataoui 1998) . Egea & Burgos (2000) state that double-kernelled fruits may arise in A. communis. We didn't observe the development of both ovules. We noticed the degeneration of ovules after the degeneration of archesporial cells or nuclei of the embryo sac. We assume the embryo sac degenerates mainly after unsuccessful fertilization which is caused by incompatibility (Šurbanovski et al. 2007; Oukabli et al. 2002) and unsuccessful pollination. The degeneration of embryo sacs at the time of anthesis was also observed by Furukawa & Bukovać (1989) and Cerović & Mićić (1999) in the species C. vulgaris. We noticed ovaries (pistils) damaged by insect pests (Fig. 6) .
The male gametophyte differentiates in the stamen. The young anther is tetrasporangiate. The wall between two chambers of pollen sacs is disintegrated at the anther maturity. The anther wall comprises epidermis, fibrous endothecium, one or two ephemeral middle layers, and secretory tapetum. The tapetum consists of cells with usually 2-3 nuclei. The process of the microsporogenesis is simultaneous, which is consistent with the general description for species of Rosaceae family (Poddubnaya-Arnoldi 1982) . Microsporogenesis starts at the end of September or at the beginning of October when sporogennous cells differentiate and microsporocytes arise (Fig. 7) . Meiotic divisions of the microsporocytes lead to the formation of haploid microspores in tetrahedral tetrads (Fig. 8) . Separated microspores which become pollen grains were observed at the end of March, beginning of April (Fig. 9) . Pollen grains are 2-celled and tricolporate at the stage of dispersion (Fig. 10) . These observations agree with the general description of Rosaceae. (Jakovlev 1985; Davis, 1966) . In contrast with the results of the observations of Jakovlev (1985) we did not notice 3-celled pollen grains. The average length of the polar axis was 36-53 µm, equatorial axis was 18 -28 µm long. In some cultivated varieties of A. communis the diameter of pollen grains was 30 -34 µm and their length was 50-60 µm (Talaie et al. 1998) .
We observed the presence of degenerated, mis- shapen pollen grains and a great variability in shape and size of the pollen. Despite the presence of these pollen grains in species of A. nana, a sufficient amount of normally developed viable pollen grains originates. We state the following germination rates: 52.1% (on the growing medium with 10% of sucrose), 49.2% (15% sucrose), 31.9% (20% sucrose). Pollen germination in vitro in the species Cerasus vulgaris was less than 25% (Miaja et al. 2000) . We also noticed some dry stamens and stamens damaged by insect pests (Fig. 11) . A rather high level of degenerated pollen grains, ranging from 30 to 50%, and damages of stamens can contribute to the reduction of reproductive potential too.
The embryo development conforms to the Asterad type. Endosperm formation is nuclear, cellularization commencing at the micropylar pole. This agrees with the general description of Rosaceae (PoddubnayaArnoldi 1982; Jakovlev 1985; Johri et al. 1992) . The special origin of the endosperm helps to understand some differences in the function and importance of the endosperm for embryonal development in different plant species (Erdelská & Kuna 1995) .
First stages of embryogenesis and endosperm development were observed at the end of April and beginning of May. We observed a zygote at the beginning of May (Fig. 12) , a globular proembryo (Fig. 13 ) and globular embryo with a short suspensor (Fig. 14) in the middle of May. The heart-shaped (Fig. 15) and a torpedo-shaped embryo (Fig. 16) were observed at the end of May and a mature embryo (the cotyledonary stage) in the middle of June as well. Embryogenesis of A. nana proceeds in the same way as in the species C. vulgaris and C. avium (Keserović 1996) . We didn't observe the formation of haustoria, which was listed for genus Prunus Schauz & Stösser (1992) . We also did not observe serious disturbances during embryogenesis and endosperm formation. Only one kernel differentiated in each fruit.
Achieved generative reproduction ratio (GRR) was very low, only 0.5-0.7% of flowers developed to normal fruits. The reduction of reproductive potential of A. nana may be caused by the synergic influence of negative biotic and abiotic factors. This reduction displays the possibility of the degeneration of pollen grains, ovules and embryos, and the incompatibility. Some flowers and leaves of the dwarf almond were superficially damaged by insect pests. Regarding the abiotic factors, late spring frosts and rains seem to be the main unfavourable conditions for pollination during the flowering time.
In the present study we clarify the stages of the reproductive cycle, and consider similarities with other rosaceous plants. Cytological and embryological characteristics of A. nana in Slovakia were studied for the first time. The reproductive biology of the wild Prunus species is still poorly understood, and various aspects remain to be studied in depth. Only when we know more about the reproductive biology of the Rosaceae will it also become possible to understand the evolutionary relationships in this family.
